Abstract. In situ elaboration of YBaCuO thin films, on polycrystalline yttria doped zirconia substrates, has been optimized. A reactive sputtering model has been developed and the electrical conductivity of the substrate has been studied as a function of temperature and doping. The Jc value of ≈ 3 × 10 4 A/cm 2 at 77 K, measured on microbridges, is among the best reported in the literature for this substrate type.
Introduction
A successful method to elaborate superconducting thin films is in situ rf magnetron on axis sputtering. In order to obtain YBaCuO films sputtered on polycrystalline zirconia substrates with good superconducting properties, we have undertaken an optimization study involving two aspects.
The first aspect is related to reactive sputtering in an argon, oxygen and water vapour atmosphere. Indeed, several authors have reported the usefulness of various added gases (such as hydrogen or water vapour) to the Ar + O 2 gas mixture [1, 2] . The added gas would act as a catalyst, that would improve the relatively poor oxidation of the YBaCuO target by the molecular oxygen introduced into the sputtering chamber, and so leading to the formation of high quality superconducting films. We have found pertinent to study various mechanisms of oxygen exchange between the YBaCuO target and its environment during the sputtering process. This is why we have developed a reactive sputtering model. The second aspect of our optimization study concerns the use of polycrystalline yttria doped zirconia (PYSZ) substrates. This type of substrate has been selected in view of microwave device development, due to its good dielectric properties and its low cost. Moreover, its relatively low thermal conductivity is an interesting feature to design transition edge bolometric detectors [3] . However, some difficulties arise for YBaCuO film elaboration due to the ionic conductivity of yttria doped zirconia at high temperature, and the correlated oxygen exchange between the substrate and the film. We have considered these phenomena by means of various characterisation techniques.
Both aspects of the optimization study are developed here and illustrated by characterisation of the YBaCuO films by electrical transport.
Reactive sputtering model

Elaboration process
The elaboration process by in situ rf magnetron on axis sputtering comprised three phases. i) After establishment of the gas mixture (Ar + O 2 +H 2 O vapour ) and obtention of a stable working total pressure (of about 300 to 400 mtorr), a presputtering phase of total duration ≈ 90 minutes was firstly initiated, a rotatable shutter being positioned above the target. The rf power P rf was increased step by step and gas parameters (fluxes and partial pressures) measured, while the substrate temperature was increased at a rate of about 12
• C per minute up to the sputtering dwell value T max . ii) During the sputtering phase (initiated by removing the shutter from its initial position), the selected combination of gas fluxes and the maximum rf power attained during presputtering (≈ 120 W) were kept constant.
T max in the 700 to 750
• C range was also kept quasiconstant (within ±1
• C) for the film deposition duration. During this phase, the various gas flux parameters were measured, and the dc self bias voltage V dc across the target and the earthed substrate holder as well. iii) Following the film deposition, the water vapour and argon were evacuated from the chamber, pumping was stopped and a pure oxygen atmosphere of ≈ 50 torr was established. During this oxygenation phase, T max was maintained during ≈ 20 minutes then linearly decreased to be held fixed during one or two dwell periods. The heater was then shut off allowing the cool down of the films to room temperature.
Equations
The oxygen fluxes involved in our sputtering model are defined in Figure 1 . According to this schematic picture, we can write:
where (Q O2 ) in stays for the oxygen flux introduced into the sputtering chamber, (Q O2 ) P for the oxygen flux evacuated by the pump and (Q O2 ) G for the amount of this gas adsorbed essentially on the chamber walls and substrate holder by gettering; (Q O2 ) t,in and (Q O2 ) t,out are respectively the oxygen fluxes entering and leaving the YBaCuO target, the latter being originated by the bulk of the target as a function of P rf . Before initiating the sputtering (P rf = 0), the chamber and target are considered not to be degassing. Moreover we consider that under steady state conditions the average oxygen partial pressure (p O2 ) ave in the chamber is the pressure effectively measured (p O2 ) P rf =0 . In this case, the pumping speed of the pump for oxygen is given by:
After initiating the sputtering (P rf = 0), S P and p Ar (the argon partial pressure) are considered to be constant for a given setting of the pumping conditions. Moreover we still assume that under steady state conditions (p O2 ) ave is the pressure effectively measured (p O2 ) P rf =0 . We define the speed of oxygen adsorption (S t > 0), or desorption (S t < 0) for the target as:
where (Q O2 ) t,out,eff represents the oxygen flux effectively leaving the target. So the pumping speed by gettering being defined by S G , one gets from equation (1) an expression for the speed associated with the oxygen flux entering the enclosure:
Results and discussion
We just present here the most significant results; more details concerning this study can be found in [4] .
Two sputtering regimes
We have established two types of sputtering regimes which are well illustrated in Figure 2 , that shows (Q O2 ) t,out,eff , obtained from equation (3) and normalised to the oxygen flux introduced into the chamber (Q O2 ) in , as a function of the measured relative oxygen pressure p O2 /p Ar . Under low relative oxygen pressure (see run #2), we show using the above equations that S G and S t (which is negative) are both high, leading to an unstable behaviour. Moreover, the oxygen flux tends to decline during the deposition of long duration (T31, 4 hours), that can be associated with a depletion of the target oxygen content and so leading to a degradation of the quality of the sputtered film.
Under high relative oxygen pressure on the contrary (see run #4), we show that S G is negligible and S t (which is still negative) is small. In this case, the oxygen flux impinging onto the target is capable to maintain during the sputtering run of long duration (T33, 4 hours) an outgoing flux which enables activated oxygen incorporation into the growing film and simultaneously preventing the oxygen depletion of the target.
The transition from the unstable to the stable regime (see run #3) is observed for a critical value of p O2 /p Ar ≈ 9%, which is a specific characteristic pertaining to our equipment. The resulting characteristics of YBaCuO films thus deposited on PYSZ substrates sustain the evidence of these two regimes. Indeed, in the case of a film elaborated during the unstable regime of sputtering (deposit T31), the film growth is rather fast (145 nm/h), hence a rough film (≈ 250 nm rms) with unsatisfactory superconducting properties (T c ≈ 75 K). On the contrary, a film elaborated under high relative oxygen pressure regime (deposit T33) has a slower growth rate (90 nm/h) and is much smoother (20-25 nm rms) hence satisfactory superconducting properties (T c ≈ 85 K). Besides, SIMS analysis performed on a T33 sample showed a stable Y:Ba:Cu composition (to within 2%) in the YBaCuO layer, that again testifies in favour of stable sputtering conditions. Moreover, X-ray diffraction spectra revealed that films prepared under stable sputtering regime are predominantly c-axis oriented. The value of the c lattice parameter (1.168 nm) indicates a good oxygenation level of the YBaCuO material.
The influence of water vapour
The introduction of water vapour flux Q H2O into the sputtering gas mixture Ar + O 2 has a significant effect on the target self bias voltage V dc , as shown in Figure 3 . The decreasing trend of V dc observed for increasing Q H2O can be attributed to an increase in the plasma density, confirming the catalytic effect of the water vapour. Then, the increasing trend of V dc observed for increasing Q H2O can be compared with a similar behaviour observed when we plot V dc as a function of (Q O2 ) t,out,eff . It seems there exists some equivalence between the efficiencies of the oxygen and water vapour fluxes introduced into the sputtering chamber. Finally, for a given P rf value, the condition of an introduced -oxygen flux dependent -optimum wa- ter vapour flux could be found in order to elaborate high quality films. Indeed, as V dc can be also considered as the accelerating voltage across the dark area of the discharge, this voltage should be kept at its minimum value to avoid resputtering of the film by the harmful negative ions [5] .
This point is well illustrated by the comparison between a film from the deposit T33 prepared with introduction of an optimum water vapour flux into the sputtering chamber and another film (T17) elaborated without having introduced water vapour in the gas mixture. Firstly, we have verified that the value of V dc is lower for film T33 (V dc = 56 V) than for film T17 (V dc = 68 V). Secondly, the growth rate was (about 20%) faster for film T33, which confirms in this case the decrease of the film bombardment by detrimental negative ions due to the catalytic effect of water vapour. Finally, film T33 exhibited largely improved superconducting properties (T c = 85 K) with respect to film T17 (T c = 50 K), that shows the favourable effect of water vapour on quality of YBaCuO films.
Study of polycrystalline YSZ substrates (PYSZ)
3.1 Substrate preparation [6] Zirconia substrates having two different yttria concentrations have been used: PYSZ (8 mol % Y 2 O 3 ), which is at the limit of structural stabilisation, and PYSZ (3 mol % Y 2 O 3 ), which is partially stabilised. For the deposition of YBaCuO, substrates of area ≈ 11 × 3 mm 2 were polished according to a three-step process, the last of which involved a colloidal suspension of silica. However, high resolution Secondary Ion Mass Spectrometry (SIMS) analysis showed the presence of silicon traces in both the polished and unpolished substrates. Thus, the contamination was apparently not due to the polishing, but rather from the zirconia material itself; indeed, silica is a known impurity of zirconia (< 20 ppm). Nevertheless, this contamination of the substrates by silicon was not detrimental to the YBaCuO film, as no parasitic phase containing silicon could be identified by X-Ray Diffraction (XRD) in the films elaborated on these substrates.
Conductivity of PYSZ
The introduction of yttria-dopant in ZrO 2 leads to the formation of oxygen vacancies: Zr 4+ cations are replaced by lower valency Y 3+ cations and for the charge compensation of the dopant, oxygen vacancies are created. The electrical conductivity takes place through the migration of O 2− ions via vacant oxygen sites. This phenomenon, particularly significant at high temperature, was clearly revealed by in situ measurements of the substrate resistance as a function of temperature. This study is an extension of previous in situ electrical characterisations of YBaCuO films undertaken during the oxygenation phase following the high temperature deposition [7] .
Thermal cycle under vacuum
From resistance values measured on a bare PYSZ (8 mol % Y 2 O 3 ) substrate undergoing a thermal cycle of long duration (≈ 3 h) under vacuum (< 10 −6 torr), we have determined the conductivity σ of the sample. During the cooling down phase, it can be fitted according to an Arrhenius law: σT = σ 0 e −Ea/kBT (E a is the activation energy and k B the Boltzmann constant) with two activation mechanisms characterised by E a ≈ 0.29 eV at high temperature and E a ≈ 0.09 eV below 300
• C, values in rather good agreement with those published in the literature for partially reduced zirconia (0.13 and 0.03 eV, respectively) [8] . We have also verified that our thermal cycle under vacuum implies a partial reduction of zirconia; at the end of the thermal cycle, the initially white colour of the substrate turned out black, that is generally associated to an oxygen loss from the material. We have verified the occurrence of this loss by performing Residual Gas Analysis (RGA) runs, which consisted in measuring the partial pressure of elements degassed by the sample heated at 700
• C in an analysis chamber, under a total pressure of about 5 × 10 −11 torr. The degassing of molecular oxygen from the substrate at high temperature is shown in Figure 4a . This oxygen loss was confirmed by SIMS analysis on both types of substrates, as exemplified in Figure 4b , for the SIMS profile of PYSZ (3 mol % Y 2 O 3 ). Indeed, we can observe that the Y and Zr signals are similar before and after the annealing, whereas the oxygen concentration is higher (by a factor of about 3) in the sample before its thermal cycle under vacuum. Moreover, we noticed that after a rapid thermal annealing cycle (at 1000
• C during 60 s) performed under pure flowing oxygen, the reduced zirconia substrates took back their initially white aspect. These results reveal that the oxygenation phase that follows the YBaCuO film deposition at high temperature must be carefully optimized: the substrate can have a detrimental effect to the YBaCuO film, because it acts as an "oxygen pump". This phenomenon is all the more harmful because the increase of yttria concentration creates more oxygen vacancies.
Thermal cycle under deposition atmosphere
We have performed thermal cycles under a similar atmosphere to that used during YBaCuO film elaboration (cf. Fig. 5a ). The conductivity of PYSZ (3 mol % Y 2 O 3 ) as a function of temperature during the cooling down under oxygen can again be fitted according to an Arrhenius law. Three activation mechanisms are identified for both types of substrates (cf. Fig. 5b ).
-Firstly, below 400
• C, the E a values indicate a similar electrical behaviour for both types of substrates: respectively 0.84 eV in the case of PYSZ (8 mol % Y 2 O 3 ). Thus at low temperature the mobility of free oxygen vacancies is reduced in the material. -Secondly, between 400
• C and 500
• C, we observe a further reduction of the activation energy: E a ≈ 0.31 eV in the case of PYSZ (3 mol % Y 2 O 3 ), and respectively 0.42 eV in the case of PYSZ (8 mol % Y 2 O 3 ). New oxygen vacancies, created by cluster dissociation, can be invoked as contributing to ionic conduction [8] .
-Thirdly, as the temperature is increased above 500
• C, we notice a higher value of E a for the fully yttria stabilised substrate: E a ≈ 0.98 eV (E a ≈ 0.5 eV for PYSZ (3 mol % Y 2 O 3 )), that suggests a more important modification in the conduction mechanism for higher yttria doping. It therefore seems that the cubic matrix of PYSZ (8 mol % Y 2 O 3 ) would include numerous resistive domains that would hinder the electrical conduction paths.
Towards an optimization of the critical current density
Unpatterned YBaCuO films deposited on the PYSZ (8 mol % Y 2 O 3 ) substrates present modest critical current density values, J c (77 K) ≈ 4 × 10 3 A/cm 2 , due to the granular nature of the substrate. Interesting improvements could be obtained either by in-plane texturing of the substrate obtained by oriented polishing [9] , that minimise grain misorientations in the YBaCuO a-b planes (J c (77 K) ≈ 5.3 × 10 3 A/cm 2 ) or by using PYSZ (3 mol % Y 2 O 3 )
substrates (J c (77 K) ≈ 6 × 10 3 A/cm 2 ). This latter result sustains the choice of a weakly yttria doped zirconia substrate in order to obtain YBaCuO films with better superconducting properties.
Highly improved results were obtained with 55 µm width microbridges patterned on YBaCuO films sputtered on PYSZ (8 mol % Y 2 O 3 ): J c (77 K) ≈ 3 × 10 4 A/cm 2 . This optimized value of J c can be compared with the best results found in the literature [9, 10] . The value of J c was lower for unpatterned films due to non-uniform distribution of current lines and presence of defects, that play a more significant role for a larger film area under test. Moreover, as our results on yttria doped zirconia conductivity have revealed that the cubic matrix of PYSZ (8 mol % Y 2 O 3 ) seems to be more disturbed than the cubic matrix of PYSZ (3 mol % Y 2 O 3 ), we can expect that microbridges patterned on YBaCuO films deposited on PYSZ (3 mol % Y 2 O 3 ) substrates would give in principle still better values of J c .
Conclusion
We have developed a refined reactive sputtering model specifically taking into account the oxygen flux effectively leaving the target. Two types of sputtering regimes depending on the relative oxygen pressure in the deposition chamber have been characterised and studied. Moreover, we have confirmed the beneficial effect of water vapour introduction into the gas mixture (Ar + O 2 ) on the YBaCuO film quality.
We have considered the superionic conducting behaviour of the PYSZ substrate as a function of temperature and doping. Our first results seem to indicate that YBaCuO films with better superconducting properties can be obtained on the substrates containing the smallest amount of yttria. A good oxygenation of the YBaCuO film during its elaboration should therefore be preferred to a structural stabilisation of the zirconia substrate.
Finally, although the use of a polycrystalline substrate was a priori unsuitable for oriented film growth, c-axis oriented YBaCuO films have been prepared on polycrystalline YSZ leading to satisfactory performances.
